The development of diabetic retinopathy is a major concern in the management of diabetes mellitus. Previous research into this complication, using techniques such as fluorescein angiography [1] and Laser Doppler velocimetry [2±5], has contributed to the understanding of the process and progression of retinopathy [2, 4±7].
Methods. A total of 19 subjects with Type II diabetes and 8 normal control subjects undertook a meal tolerance test after an overnight fast. The pulsatile ocular blood flow, using the Ocular Blood Flow Tonometer, and plasma glucose concentrations were taken at times 0 min, 90 min and 240 min. Blood pressure and glycated haemoglobin concentrations, in the subjects with diabetes, were also measured at time 0 min. Pulsatile ocular blood flow and plasma glucose were also measured at times 0 and 90 min in 5 subjects with Type II diabetes mellitus who remained fasting. Results. It was found that the subjects with diabetes who undertook the meal tolerance test showed a significant increase in both plasma glucose concentrations and pulsatile ocular blood flow from time 0±90 min, followed by a decrease from 90 min to the end of the session at 240 min. (p < 0.001 in each case). Regression analysis showed a significant correlation between the change in pulsatile ocular blood flow and the change in plasma glucose concentration (r = 0.671, p = 0.001). Control subjects showed no significant change in either plasma glucose or pulsatile ocular blood flow during the meal tolerance test. Subjects with diabetes mellitus who remained fasting also showed no significant change in pulsatile ocular blood flow or plasma glucose concentrations. No correlation was found between glycated haemoglobin concentrations or blood pressure and pulsatile ocular blood flow. Conclusion/interpretation. Pulsatile ocular blood flow is influenced by changes in plasma glucose concentrations in Type II diabetes mellitus, indicating that uncontrolled hyperglycaemia might result in a higher pulsatile ocular blood flow than might otherwise be expected. [Diabetologia (2001) . This correlates with an early reduction in volumetric flow, which then increases with the evolution of retinopathy [1, 8±10] . A progressive increase in vessel diameter has also been unequivocally observed [5, 8, 10] . Some contradictory results have been reported where severity of retinopathy has been correlated with a progressive reduction in blood flow with no subsequent increase [11] but the aforementioned results are the most widely accepted.
The plasma glucose concentration has also proved to be a contributory factor, to changes in retinal blood flow with deviations in plasma glucose concentrations, in either direction, associated with a corresponding variation in retinal blood flow [1, 7] . These alterations to the retinal haemodynamics have been attributed to a breakdown in the autoregulation of the retinal vasculature. Moreover, consistency of metabolic control has also been closely associated with the degree of diabetic retinopathy. An increase of glycated haemoglobin concentrations (HbA1 c ), indicating poor long term metabolic control, is concurrent with a subsequent increase in the risk of development of microangiopathy, of which retinopathy is a major constituent [12±15]. Therefore, according to current knowledge, hyperglycaemia is associated with the development of diabetic retinopathy and with a change in retinal haemodynamics.
Studies of ocular haemodynamics have focused on retinal blood flow, but only 5 % of the total ocular blood flow can be attributed to this parameter [16] . Interest in a more comprehensive assessment of the haemodynamics of the entire ocular circulation has been prompted by the development of a clinically feasible technique to measure pulsatile ocular blood flow (POBF). This can be quickly and non-invasively measured using the Ocular Blood Flow (OBF) tonometer (OBF Labs UK). The theory of POBF has been well documented in previous studies [17±19] . It is based on pneumatonographic measurement of the variation of eye volume, caused by a pulsatile bolus of blood entering the eye during systole. This causes a resultant variation in intra-ocular pressure (IOP), known as the pulse amplitude (PA). Five pulse cycles are recorded, which takes approximately 10 to 15 s. The OBF software then averages these values and calculates the volume of blood passing through the eye in a given time, either per minute or per second. Measures of pulse rate, IOP and PA are also provided.
The OBF tonometer has been developed primarily to assess ocular blood flow in glaucoma. However, recent studies have assessed POBF within the diabetic population. Preliminary results appear to suggest concordance with changes found in the retinal blood flow in the presence of diabetic retinopathy, although POBF appears to be a much less sensitive indicator as a more advanced form of retinopathy needs to be apparent before changes are seen [20±22] .
The influence of plasma glucose concentrations upon POBF measurements is controversial. Investigators [23] have shown that alterations in plasma glucose concentrations had no effect on choroidal blood flow by using the Heidelberg Retina Flowmeter. Also no correlation between POBF and HbA1 c was found.
The OBF tonometer is a simple, non-invasive device that can be used clinically to assess a much larger portion of ocular blood flow than previous techniques that have concentrated measuring only retinal flow. Retinal blood flow is known to be affected by plasma glucose concentrations but the effect on POBF remains controversial. Therefore this study aims to investigate the influence of plasma glucose concentrations upon POBF in patients with Type II diabetes mellitus.
Subjects and methods
A total of 19 subjects with Type II diabetes mellitus were recruited from the Diabetes Research Unit, Llandough Hospital. The subjects were aged between 51 and 78 years, (mean and SD 60.2 years 6.4) including 13 men and 6 women. Refractive errors were between + 4.00 and ±2.00 dioptres spectacle refraction with a maximum cyl of 1.50 dioptres. Intraocular pressure (IOP) was less than 21 mmHg in all subjects.
The majority of subjects had a known duration of diabetes of 2 years or less. The mean (SD) being 1.2 years ( 2.3). All medication was noted and any subjects with peripheral vascular disease including poorly controlled hypertension were excluded. All subjects were controlled by either diet alone or by oral hypoglycaemic agents. No subjects were receiving insulin. None exhibited any ophthalmoscopically visible diabetic retinopathy, with the exception of one subject who had very mild background retinopathy consisting of less than four microaneurysms. None of the subjects had any other current or previous ocular disorders or family history of glaucoma. Fundus examination was carried out by two 45 fundus photographs taken using a Canon CR4 NM 45, with pupils dilated using 1 % tropicamide. Photographs were then assessed by trained retinopathy graders.
A group of 8 control subjects matched for age were recruited with an age range of 62±69 years (66.3 years 2.2, mean and SD). All control subjects were within the above range of refractive error ( + 4.00 and ±2.00 dioptres) with the exception of one subject who had a mean spherical refractive error of ±5.00 dioptres. These subjects had no history of ocular disorders or family history of glaucoma and IOP was less than 21 mmHg.
The study was approved by the local ethics committee and carried out after informed consent from all subjects.
Ocular Blood Flow Measurements. Pulsatile Ocular Blood Flow (POBF) was measured when plasma glucose concentrations were firstly, changing during a standardised meal tolerance test and secondly, relatively stable during a period of fasting. The POBF was measured using the Langham OBF Tonometer (OBF Labs UK) [19±20] . Measurements were taken from the right eye, except in circumstances where this was precluded, that is when the eye fell outside the aforementioned criteria, or for reasons, including patient apprehension, a reading could not be gained within the recommended three attempts. A single trained optometrist carried out all measurements (RP).
The cornea was anaesthetised using one drop combination local anaesthetic and stain ± proxymetacaine (0.5 %) and fluorescein sodium (0.25 %). This provided adequate anaesthesia with the minimum amount of discomfort and the minimum risk of corneal desquamation [24] . It also provided the ready presence of a stain to assess corneal integrity after the measurement was taken. All measurements were taken with the patient in a sitting position and recorded in ml per second.
Meal Tolerance test. Plasma glucose concentrations increased during a standardised meal tolerance test (MTT) which was consumed over a 10 min period providing a total of 482.6 Kcal, (20 % protein, 23 % fat and 58 % carbohydrates). All subjects fasted overnight for 10 h and diabetic subjects ceased any oral hypoglycaemic agents for 24 h before testing.
Before and after the administration of the food, mixed venous blood samples were taken at regular intervals for 4 h. Plasma glucose concentrations were then measured from the blood samples using an automated colorimetric method [25] . HbA 1c was measured at time 0 min for each subject with diabetes mellitus by an ion exchange method (test combination HbA 1c BCL, Lewes, Sussex, UK).
POBF and plasma glucose were measured at time 0 min, i. e. at fasting plasma glucose concentrations, before the administration of the meal and at 90 and 240 minutes from the commencement of the meal. These times were chosen as they approximately coincided with the expected peak glucose concentrations (90 min) and at the end of the test [26] . Corneal integrity was checked under both white light and cobalt blue light both prior to, and after measurements were taken. The POBF measurements were recorded immediately after the blood samples were taken.
Blood pressure (BP) was measured at 0 min in all subjects. The study was carried out blind, in that different persons determined the plasma glucose concentrations and measurements of POBF.
Fasting. OBF was recorded in 5 of the subjects with Type II diabetes mellitus during a prolonged fast. In these cases the subjects fasted overnight and plasma glucose and POBF were measured at time 0 min and 90 min. Blood pressure and HbA 1c were also measured at time 0 min.
Results
A summary of the results are shown in Table 1 .
Plasma glucose concentrations in the subjects with Type II diabetes mellitus that undertook the MTT followed the expected pattern. The mean (SD) starting value was 8.9 mmol/l ( 3.5) which increased after 90 min to 12.1 mmol/l ( 4.4) and was then found to have decreased after 240 min to 7.5 mmol/l ( 4). POBF was also found to follow a similar trend. The mean (SD) initial value was 14.5 ml/sec ( 5.9). This increased to 17.2 ml/sec ( 6.8) after 90 min, then decreased to 14.4 ml/sec ( 5.9) at 240 min. The change in POBF values and plasma glucose concentrations between each test time are shown in Fig. 1 . Plasma glucose showed a mean (SD) increase of + 3.1 mmol/l ( 1.7) after 90 min which decreased by about 4.60 mmol/l ( 1.8) from 90 to 240 min. Furthermore, POBF showed mean changes of + 2.6 ml/sec ( 2.5) and ±2.84ml/sec ( 3.04) after 90 and 240 min respectively. Wilcoxon statistical analysis showed all changes to be statistically significant (p < 0.001). Figure 2 shows the POBF and plasma glucose concentrations for one subject (ML). Regression analysis showed a significant positive correlation between the change in POBF values and change in plasma glucose concentrations, (r = 0.67, p = 0.001). Subjects with Type II diabetes who were fasting showed no significant change of plasma glucose concentrations or POBF (Fig. 3) . Mean (SD) values for plasma glucose were 6.98 mmol/l ( 1.1) and 6.69 mmol/l ( 0.9), at 0 and 90 min respectively. The mean (SD) POBF values were, 14.54 ml/sec ( 2.5) and 15.38 ml/sec ( 2.1) at these two times. This corresponded to mean changes over the 90 min of about 0.29 mmol/l ( 0.4), and + 0.8 ml/sec ( 2), which were not significant (p = 0.59 in each case). Mean BP was found to be significantly higher in the subjects with Type II diabetes compared with control subjects (p = 0.002). No statistical difference was found between pulse pressure or PA between the groups, (p = 0.56 and p = 0.45 respectively) and PA showed very little variation in either group over the test time. Baseline POBF was lower in the diabetic group compared to normal subjects but this difference was not significant (p = 0.08). Mann-Whitney statistical analysis was used in these cases.
No relationship was found between POBF or changes in POBF during the meal test with either systolic or diastolic blood pressure, mean blood pressure or pulse pressure in all groups. There was no correlation between the fasting plasma glucose concentration or HbA 1c with POBF as measured at time 0 in subjects with Type II diabetes. Only the change in plasma glucose during the meal test was correlated with the change in POBF in subjects with Type II diabetes.
Discussion
Our results show that pulsatile ocular blood flow is altered by changes in plasma glucose concentrations in subjects with Type II diabetes mellitus. In contrast control subjects consuming a standardised test meal showed no significant variation in either plasma glucose concentration or POBF values after 90 and 240 min time points. When the plasma glucose concentration was relatively constant during a prolonged fast in subjects with diabetes, no significant variation of POBF was found. Subjects with diabetes who consumed the test meal showed an increased plasma glucose 90 minutes after the meal which then returned to baseline concentrations after 240 min. POBF was observed to follow the same course. Our results have shown that a higher plasma glucose concentration can be associated with an increased pulsatile ocular blood flow in subjects with diabetes mellitus. These findings are in agreement with current studies on retinal blood flow changes in the presence of hyperglycaemia [1, 7] . The use of fluorescein angiography and glucose clamp methods has shown that acute elevations in plasma glucose concentrations caused an increase in retinal blood flow [1] . Conversely, by the use of a bi-directional laser velocimetry, a reduction in plasma glucose has been associated with a fall in retinal blood flow as the subjects were changed from hyperglycaemia to normoglycaemia [7] . We also found a lower POBF in subjects with diabetes compared with control subjects. This finding contradicts a previous study [20] which found that diabetic subjects had a higher POBF. However, the subjects of this study had a longer duration of diabetes mellitus and a wider range of retinopathy from no retinopathy to pre-proliferative retinopathy. This variation could account for the differences seen. Our observation of a reduced POBF agrees with previous studies relating to retinal flow, where a reduction was seen in the early stages of diabetes before the onset of visible retinopathy [1, 3, 5, 8, 10] . Currently no explanation for this lower POBF in subjects with Type II diabetes has been found but could be due to rheological changes associated with diabetes.
This study demonstrated that higher plasma glucose concentrations are associated with an increase in the pulsatile portion of ocular blood flow. Heightened blood flow concentrations, whether they are chronic or acute, can increase the shear stress concentrations exerted on the vascular cell wall. This mechanical action of shear stress could be a contributory factor in the selective loss of pericytes, which is a primary feature of diabetic vascular deterioration [27, 28] . This loss could be causative of the hypoxic situation in the diabetic retina and the evolution of diabetic retinopathy.
The physiology of the increased flow seen in this study has yet to be determined. While the presence of increased glucose concentrations could augment the activity of nitric oxide synthase and hence nitric oxide release [29] this is not likely to account for the increased flow seen in this study. However, excessive glucose concentrations have been shown to result in an overproduction of lactate [28] . This could be the effector in pre-capillary vasodilation [30] and subsequent increases in blood flow seen in acute hyperglycaemia in this study on pulsatile flow, and previous work focused on retinal flow [1, 7, 31] . However, this hypothesis remains to be proved.
The variable and contradictory results seen in blood flow studies regarding the pulsatile or choroidal portions of ocular blood flow suggest that there is a complex compendium of factors causing the haemodynamic alterations seen in diabetes and further work is needed to unravel the conundrum.
To conclude, this study has shown that increased plasma glucose concentrations after the consumption of a standardised meal test, in subjects with Type II diabetes, result in a corresponding increase of pulsatile ocular blood flow. This fluctuation in blood supply in the presence of hyperglycaemia could increase vascular endothelium cell damage of the choroid and propagate further degradation. This alteration in supply could be a contributory factor in the development of retinal hypoxia and the progression of diabetic retinopathy.
